Abstract -The method for analyzing flux distributions in transformer cores made of grainoriented silicon steel is improved in order to reduce error in calculation due to anisotropy in magnetic materials. A model to verify the improved method is proposed, and the calculated results are compared with measured ones.
I. INTRODUCTION
The flux distributions in transformer cores made of grain-oriented silicon steel have been analyzed using only two B-H curves in both rolling and transverse directions [ll. However, the magnetic characteristic along the magnetic hard axis cannot be represented exactly by this method C2-41.
In this paper, firstly, problems of the conventional modelling methods are discussed. Secondly, improvement of the method of analysis is described. Finally, the verification of the software for anisotropic analysis is proposed.
P F~O B~M S

OF CONVENTIONAL METHODS
The magnetic field strengths, Hx, Hy and HZ, in the x-, y-and z-directions are functions of flux densities, Bx, By and BZ, in respective directions as shown in (1) [3-53. transverse direction (T.D.). Fig. 1 shows the loci of B for constant I H I. Fig.l(a) shows the measured curves and Fig.l(b) shows the curves calculated using (2). The distance between the origin and a point on the locus corresponds to IB I . When the distance is long, the permeability is large, because IH I is constant on the locus. Therefore, the magnetic easy axis estimated from the conventional modelling method shown in Fig. l(b) is completely different from the actual easy axis, which coincides with the rolling direction (xdirection). Fig. 1 denotes that the permeability estimated from (2) is higher than that for the magnetic easiest axis at the high flux density region. This discrepancy is due to the assumption in (2). is assumed to be a function of only B,, then, (2) has been used instead of (1).
where f and f* denote functions.
y-components). We define that the x-direction is the 0 0.5 1.0 1.5 2.0 2.5 rolling direction (R.D.), namely the magnetic B x ( T ) easy axis, a n d t h e y-direction i s t h e . conventional method C l ] , only two B-H curves, namely, Bx-Hx curve for B -0 and By-Hy curve for Bx=O are used. If H vector is specified, the x-and y-components, Bxc and Byc, obtained using the conventional approximation method (2) is much higher than those, Bxn and Byn, obtained using (1) as shown in Fig.2 . Therefore, the flux density IBc I which is denoted by (3) is overestimated in the analysis using the conventional method.
Similarly, t h e magnetizing current i s underestimated, when the flux which is interlinked with the anisotropic material is specified. Fig.3 shows the relationship between 6~ and 6~. € 3~ and 6~ are the angles o f B and H vectors from the rolling direction. It is obvious that there is a large discrepancy between the actual phenomena ( Fig.3(a) ) and the conventional modelling ( Fig.3(b) ). Namely, in Fig.3(a) , BB is larger than 6~, only when I H I is large and 6p90deg. In Fig.3(b) , 6~ is larger than 6~, only when I H I is large and 6~ is small.
In order t o improve the above-mentioned discrepancy, an elliptic model has been proposed 16-81. The locus of B shown in Fig.l(a) is tried to be approximated by an elliptic curve as shown in Fig.4 . Although the curves at low flux density region are similar to those in Fig.l(a) , Bx-Hx and B -Hy curves converted from the elliptic curves wtich are shown in 
where g denotes a function. Gi and Aj are the residual at a node i and the magnetic vector potential at a node j respectively. The coefficient matrix is unsymmetric due to a H x / a B y and dHy/dBx (In the conventional methods, i t is symmetric due to the assumption (2)). In order to avoid solving unsymmetrical linear equations, the calculation procedure is improved as shown in Fig.2(a) is chosen from the new By (2) a t the l-th iteration and that in Fig.B(b) is chosen from the new Bx(l). If there is no desired B-H curve in Fig.2, following advantages:
The improved method mentioned above has the (i) The software can be made by the minor change of the conventional one.
(ii) As the coefficient matrix is symmetric, the 
IV. VERIFICATION OF SOFTWARE
A. Verification model Fig.7 shows a single-phase transformer core made of the same material as that in Fig.2 . The shape is chosen so that the result calculated using the conventional method is very much different from that using the improved method. The core is laminated by 70 sheets(0.3x180x400mm). A rectangular window (40x220") is bored in each sheet.
B. FEM analysis and experimental results
The magnetic vector potential A is used in the 2-D finite element analysis. Fig.8 shows the flux distributions at practical flux density (Bleg=.l. 7T) and at low flux density (Bleg=O.5T). Bleg IS the average flux density in the leg. Fig.9 shows the distributions of the absolute value IB I and the angle f 3~ of the flux density deviated from the rolling direction along the line ap in Fig.7 . The flux densities can be measured using a search coil which is wound through 0.6" holes drilled in the 70 laminations a s shown in Fig.9. Fig.9 suggests that the results obtained by the improved method are nearer to the measured ones than those calculated by the conventional method. ---, ---. .
